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Micromagnetics
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The study, modeling and simulation
of magnetic materials and their behavior
at the nanometer scale.
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Brown’s equations I'

Energies:
Eexchange — M2 ( :c‘2 + ’VMyP + ‘VMZP) d37“
K
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Constraints

M IS smooth

and
M| = M;

or equivalently

|ml| = M/M, = 1.
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Why computational v
micromagnetics?

Disk Drives Nonvolatile Memory
Sensors Spintronics




Magnetic disk storage
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Magnetic disk storage
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Quasi-static micromagneti!
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Magnetization dynamics I'

Landau-Lifshitz-Gilbert:

dM —W o w
T M x Hog — M x (M x H,
i~ 1o Het = gy M (M Hee)
where
1 OF
e - _LOF
fo OM
w = gyromagnetic ratio

a = damping coefficient




Magnetization dynamics -
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Magnetization dynamics

i — X
Time u,H=36mT
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Magnetization dynamics
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Magnetization dynamics

i — X
Time u,H=36mT
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Variational derivatives
Let (support AM) C B(x, €).

Then

SE E(M + AM) — E(M)

| =1
M|, |AM]],

asS
e — 0, ||[AM|, — 0.
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Variational derivatives

In particular, if

M(z) = Z M, ¢i(x),

then
OF OF 1

SM |, OM [kl
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LMAG

Micromagnetic Modeling
Activity Group

/\

Standard Public
Problems Code

Center for Theoretical and Computational Materials Science
http://www.ctcms.nist.gov/
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Standard problems v

Micromagnetic Modeling Activity Grou

Four Standard Problemsfor micromagnetics
http://ww. ctcns. ni st. gov/~rdm nunag. ht i

Check computed outputs against contributed solutions:

* Verify algorithms
* Compare methods

* Optimize parameters
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Standard problems

Four Standard Problemsfor micromagnetics
http://ww. ctcns. ni st. gov/~rdm nunag. ht i

06 T T T T
Albuquerque et al.
04 McMichael etal. -
: Budaetal. -
Martinezeta. -~
0.2

Martins et al. F —

Example #4,
Switching dynamics:

0 0.2 0.4 0.6 0.8
Time (ns)




uMAG standard problem #y

"Permalloy" rectangle

2 Um
20 nm thick




uMAG standard problem #y

_ong AXIS Hystere3|s Loops




Portable, extensible,
public domain MG\-\/{)
programs & tools

Public code

for micromagnetics |

http:// mat h. ni st. gov/ oommf

* Graphical User Interface * Binaries and source code

* Windows and Unix °* Tcl/Tk and C++ based
modular architecture

* 1000+ downloads in 2002

* 150 page user’s manual

A



ublic code

File

Help

Reload | Reset | Run | Relax | Step | Pause |

Fle Data Options Help
Stage : 107
Iteration : 2960
Bx {mT) : -35
Total energy (J) : 6.47e-18
Demag:Energy (J) : 5.35e-18
Exchange:Energy (J) : 1.47e-18
Max dmfdt {deg/ns) @ 437.734
: [
Ale X %1 Y2 Options Help
Oxs_TimeDriver::Mx
1 0x=s_TimeDriver::My
1000000 Oxs_TimeDriver::Mz 0.003
a A
) i1 1
m m
a00000 i . . -0.002
Simulation time (s) Ge-10

Problem: fhomefdonahue/magfoommffspinvalve.mif
Status: Run
Stage:l 107 |
Output | Destination [ Schedule |
Oxs_ExchangeGMgbr:Exchange:Field mmarchive <13975:2 > Send |
Oxs_FixedZeeman:Bias:Field mmDbDisp<13974:0> | J I_
Oxs_TimeDnver::Magnetization | v | -1 Step every |1
W Stage  every |1
] ] [ (] ] i [
Hle ¥iew Options Help
*z] 34| Arrow Subsample: 0 I Size:| 1.1
+x . o
-u/| Data Scale (Afin): |1400000 LI Zuum.|13.55

¥-slice (m):

1.440e-9 | ||




Specification

.
5
Cranag=®

ANISOLrOpY. === ... e, - .
Cubic T

OOMME eXtensibleSolver

'. "‘._.- ..
: . Tcl Control ,
o 5 . K
: Script
] "
! .
B

Director

.

Anisotropy,.-==-....

o/ Mesh
6-Ngbr = s .

--.-"

Exchange . ..o /
e ek, Const Mag
4 Demag
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Temmmmm® .
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Minimization



Brown’s equations I'

Energies:
Eexchange — M2 ( :c‘2 + ’VMyP + ‘VMZP) d37“
K
Eanisotropy — . (M U) d37“
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Discrete approximation l'

Eexchange — / A (’vmx‘Q + ’me‘Q + \sz\z) dr
|4

= ®m(x1), m(x2),..., m(x,)] + O(h")

where

h 1S step size
k 1S approximation order

A



Discrete approximation l'

Eexchange — / A (‘vme + ’vmy‘Q + ]szIQ) d>r
V

Numerical integration
Integrand representation
Boundary conditions

A



Numerical integration

/abf%hchfk

Closed intervals, . = a + kh,

O(h?)error: (¢,) = (511 ... 1 %]
O(h*)error: () = L[1 424 ... 241
O(h*)error: (¢) = |2 £ 2311 ] 28 T3]

A



Numerical integration

/abf%hchfk

Open intervals, x, = a + kh + h/2,

O(h?)error: (¢) = [1 11 ... 1]
O(h*)error: (¢g) = |15 £ 211 ...

A




Integrand representation l'

A///\vm:ﬁ\ﬂ Vmy,|* + [Vm, > dV
— —A// m - V’mdV

+ A // (m,Vm, +m,Vm, +m,Vm,) -2dS.

E exchange

The norm constraint, |m| = 1, implies

Mz Vmy +my,Vm, +m,Vm, = 0.
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Discretized energy ‘

exchange — / / m- vzm d3
0°m 0°m 0°m 3
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Discretized energy ‘

82
/// m- a;;l d°r
~ Z L Z cf'j- Z C; M- (Z Diz”m’i’jk)
k j ( v/

A YV T
= €, C; My, ¢ Digm

vV
Z/

& (summation convention)
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3-pt stencil v

0° f ()
Ox?

= 3 [F@ = h) = 2f(z) + f(a + )] + O




3-pt stencil

1/hZ
Z
y
X
1/hZ
1/h; Center weight = -2(h*h*h;%)

“6-neighbor exchange”
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5-pt stencil v

flx) 1
972 19R2 —f(x —2h) +16f(x — h) — 30f(z)

+16f(x + h) — f(x + 2R)] + O(R?)




5-pt stencil

_V

“12-neighbor exchange”
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Trilinear interpolation l'

“26-neighbor exchange”

A



Trilinear interpolation l'

011 111

001 <101
110

Given my,,, m,, ..., Solve for 000100

m(m) = Ay T Q00T T Ag1oY T A1 R
TA,0LY + A1 T2 + A Y2 + A, TYR.

Then use

Eexchange — / A (’vmx‘Z + ‘vmy‘Z + \sz\2) d>r
V
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Analytic 1D domain wall v

Relative error

- E
71 % 6 & 26-ngbr —&—
10 i 12-ngbr —— ]

Anisotropy —*— 1

0 0.2 0.4 0.6 0.8 1
Cedll size/exchange length

Relative energy error vs. discretization cell size
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Exchange lengths

Magnetostatic-exchange length

Magnetocrystalline-exchange length
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[terative convergence

A=13x10" Jm
K =(4.6x10°)r’/(1+r%) Im’

10 nm thick

Relative Energy Error

2nd

order Anisotropy
6-ngbr Exchange

>

107 | 1.2x103h% ——
i 4th order Anisotropy  ©
108 | 12-ngbr Exchange 4 E
y
of 25x10°h* ——
10 ' ' — ' ' '
0.1 1

Cdllsize (nm)

10



\ortex mobillity
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Happiied Vortex motion

Cell size/exchange length

(Compare to Donahue & McMichael, Physica B, 233, 272 (1997).)




Magnetization spiral
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Discretized energy ‘

82
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Boundary?

X

12h?
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16 —30
—1 16

16
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Variational calculus
Let

b
E[m]:/ f(z,m,m") dx
Then
b
E[m+h]—E[m]:/ (fm—%fm)hda:

+h(0) fons (b, m(b), m0'(b)) — N(a) fiw (a, m(a), 0 (a))
+O (h*+1'?).
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Euler-Lagrange egn v

If m IS extremal, then

fon — difm’ =0 (Euler-Lagrange)
X

A



Boundary conditions

Since
h(a) fr(@,m(a),m’(a)) =0,
if m(a) is free, then

fov(a,m(a), m (a)) = 0.

But
f(xv iz m/) — Amlz + g(x, m)
and

for =2Am" = m'(a) =0.

A




12-ngbr exchange v

Assume Om /Oh = 0:

x| -1 16 =30 16 -1
-1 16 =30 16 -1

12h?

= Not positive semi-definite!
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12-ngbr exchange v

Recall

Eochange _ A// Va2 + [Vimy 2+ [Vim. |2 dV

= —A///m-VdeV

+ A // (m,Vm, +m,Vm, +m,Vm,) -2dS.

A



12-ngbr exchange v

Include ;% at boundary:

* * * *
k k *k b S
! % 1 16 =30 16 -1
1252 B B B

-1 16 —-30 16 -1

Positive semi-definite, but slow convergence

A



12-ngbr exchange

Add in more £ at boundary:

12h?

X

-1 16 =30 16 -1
-1 16 —-30 16




12-ngbr exchange v

Clean up:
* Include ¢} terms
« Symmetrize

D T
EmTDmmT< + D )m

2

A



12-ngbr exchange

Assuming 0m /On = 0:

—16.2  17.6

17.6 —32.1

02 1 —1.4 154

ox2  12h2 1.0
+O(hY).

A

—29.4
—30.4

\ 4

—1
16
—30

—1
16

—1




12-ngbr exchange v

Eigenvalues C [0, 53)

= (Good convergence!




12-ngbr exchange v

No boundary assumptions:
0? 1

92 115212

6125 11959 8864 3613  —583 ]
11959 —25725 20078 —7425 1113

8864 20078 —17175 6752  —791

3613 —7425 6752 —4545 1701  —96

583 1113 —791 1701 —2880 1536 —96

—96 1536 —2880 1536 —96

+O(hY).
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12-ngbr exchange v

Eigenvalues C |0, 45)

=  Slow convergence




6-ngbr exchange

Assume dm /on = 0:

—1 1
e g 12
— = — 1 =2 1
oxr?  h?

I =2

+ O(h?).



6-ngbr exchange

No boundary assumptions:

15 15
2 15 —25 1
Y - 1 -2 1
oxr?  h?

I =2

A

+ O(h?).



Magnetization spiral

10° . . .
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104
S
m  10°
2
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2 108
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g
® 100 6-ngbr Exchange
Jo) 12-ngbr Exchange 4
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3x10°h? —
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Wall types v

Bloch wall

plietesdy

V-M=0 — Hdemag:O

Néeel wall

I N

VM#O = Hdemag#o
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Neel-wall collapse
6-pt exchange, pugH =5 mT, h = 20 nm
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Magnetization spiral

m = (coswz, sin wz)

Exchange torque (a.u.)

1.0

08 r

06 r

04

02

0.0

Exchange torque vs. w




Neel-wall non-collapse
12-pt exchange, poH = 6 mT, h = 20 nm
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More Neel-walls
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Conclusions

6-ngbr and 26-ngbr are 2nd order.
12-ngbr is 4th order.

26-ngbr has less pinning for large cells,
12-ngbr dominates for i < [..

12-ngbr helps against Néel wall collapse.

Om /On = 0 good BC for equilibrium states
with no surface pinning. Free BC possible.

A
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